Background: Inhibitors of PARP, an enzyme involved in base excision repair, have demonstrated single-agent activity against tumors deficient in homologous repair processes. Ewing sarcoma cells are also sensitive to PARP inhibitors, although the mechanism is not understood. Here, we evaluated the stereoselective PARP inhibitor, talazoparib (BMN 673), combined with temozolomide or topotecan.
Introduction
PARP1 plays a central role in the recognition of single-strand DNA damage and is involved in chromatin modification, transcription, and DNA repair (1). PARP1 binds to DNA at the 5 0 -deoxyribose phosphate (5 0 dRP) end of the DNA strand breaks produced by AP endonuclease 1 (APE1; refs. 2, 3) . DNA binding activates PARP1 to utilize nicotinamide adenine dinucleotide (NAD þ ) as a substrate to add polymers of ADP-ribose to both itself and to other proteins. PARP1 additionally interacts with proteins involved in DNA double-strand break response (4) , plays a role in alternative nonhomologous end joining (4) , and contributes to repair of topoisomerase-1 (Top1)-cleavable complexes through interactions with tyrosyl-DNA phosphodiesterase 1 (5) .
PARP1 inhibitors were initially developed as potentiators of anticancer DNA damaging agents, with the first clinical evaluation in 2003 being a phase 0/I trial of rucaparib with temozolomide (6) . In the intervening decade, clinical trials combining PARP inhibitors with chemotherapy agents have often shown potentiation of the toxic effects of chemotherapy. For example, most adults could not tolerate full-dose temozolomide when given with a PARP-inhibiting dose of rucaparib (7), and the temozolomide dose required a 30% reduction when given with veliparib for children with brain tumors (8) . Similarly, the single-agent dose of topotecan had to be reduced by more than 2-fold when administered with a PARP-depleting dose of veliparib (9) . Although definitive clinical trial results have not been reported, the clinical activity observed with combinations of PARP inhibitors and various chemotherapy agents has in general not been clearly superior to that of the corresponding single agents given at full dose (7, 10, 11) .
The finding of synthetic lethality for PARP inhibition in the presence of defects in homologous DNA repair stimulated evaluations of PARP inhibitors as single agents against cancers arising in patients with BRCA mutations (12, 13) . The molecular basis of this sensitivity is thought to be conversion of single-strand DNA breaks to double-strand breaks during DNA replication. Although these double-strand breaks can be repaired in patients with intact homologous recombination repair, they lead to lethal lesions in tumors with defective double-stand DNA repair such as those with homozygous BRCA1 or BRCA2 mutations. As described below, PARP trapping may also contribute to the cytotoxic effect of PARP inhibitors in cells with defective homologous recombination repair. Multiple PARP inhibitors have shown single-agent activity against cancers arising in patients with BRCA1 or BRCA2 mutations (14) (15) (16) , and phase III clinical trials are ongoing for ovarian cancer and breast cancer.
Interest in PARP inhibitors for pediatric cancers was stimulated by reports of preferential sensitivity of Ewing sarcoma cell lines to PARP inhibitors (17, 18) . One report evaluating the activity of a range of anticancer agents across a large cell line panel found a highly significant association between cell lines with the EWS-FLI1 rearrangement and sensitivity to the PARP inhibitor olaparib (AZD2281; ref. 17) . A second report described an interaction between EWS-FLI1 and PARP1 as well as the sensitivity of Ewing cell lines to PARP1 inhibition and the responsiveness of a Ewing sarcoma xenograft to the combination of olaparib and temozolomide (18) .
PARP1 inhibitors have been thought to potentiate the activity of chemotherapy agents through their inhibition of the catalytic activity PARP1, leading to delays in repair and in subsequent accumulation of single-strand DNA breaks (19) . More recently, it has become clear that some PARP1 inhibitors have a second, distinctive mechanism of action related to their ability to tightly trap PARP1 to DNA at sites of DNA single-strand breaks (20, 21) . The PARP-DNA complexes are more cytotoxic than unrepaired single-stand DNA breaks caused by inhibition of PARP enzymatic activity (20) . The ability of PARP inhibitors to trap PARP is unrelated to their potency in inhibiting PARP1 enzymatic activity, and the inhibitors differ in their potency at PARP trapping (talazoparib >> olaparib and rucaparib >> veliparib; refs. 20, 22) . Chemotherapy agents likewise differ in their ability to induce PARP1 trapping, with methylating agents such as methyl methane sulfonate (MMS) and temozolomide being highly effective and with agents like Top1 inhibitors, cisplatin, and etoposide being ineffective (20, 22, 23) .
Talazoparib is a potent, selective PARP1/2 inhibitor (PARP1 IC 50 ¼ 0.57 nmol/L) that shows antitumor cytotoxicity at much lower concentrations than earlier-generation PARP1/2 inhibitors (such as olaparib, rucaparib, and veliparib; ref. 24) . Talazoparib is readily orally bioavailable, is highly effective in vivo against BRCAdeficient xenografts (24) , and shows potent PARP trapping activity (22) . Talazoparib has entered clinical evaluation and shown impressive antitumor activity in BRCA-mutated patients with ovarian cancer and breast cancer (16) . A phase III clinical trial is evaluating talazoparib for patients with germline BRCA mutations and locally advanced and/or metastatic breast cancer (NCT01945775).
The Pediatric Preclinical Testing Program (PPTP) evaluated talazoparib as a single agent against its in vitro cell line and in vivo tumor panels (25) . The median relative IC 50 (rIC 50 ) for talazoparib against the PPTP cell lines was 26 nmol/L, with a trend for lower rIC 50 values for the Ewing cell line panel compared with the non-Ewing lines (6 nmol/L vs. 31 nmol/L, P ¼ 0.057). Despite the in vitro sensitivity of the Ewing cell lines to talazoparib, the agent showed minimal in vivo activity against Ewing xenografts. Among the 35 solid tumor xenografts tested against singleagent talazoparib, the two xenografts showing objective responses were a Wilms tumor xenograft and a medulloblastoma xenograft, both of which also showed maintained complete responses (MCR) to cisplatin (25) .
The lack of in vivo single-agent activity for talazoparib against the Ewing xenografts was disappointing, given the in vitro evidence for enhanced sensitivity of Ewing cell lines to PARP inhibition. In considering alternative approaches to exploit this apparent differential sensitivity, evaluations of talazoparib in combination with temozolomide were pursued. Prioritization of this strategy was based in part on the emerging evidence that PARP1 inhibitors are cytotoxic by PARP trapping initiated by PARP1 binding to DNA with single-strand breaks (20) . Another factor supporting prioritization of this combination was evidence that methylating agents such as MMS and temozolomide are particularly effective at creating single-strand breaks that could serve as substrates for PARP trapping (3) . Conceptually, the cytotoxic component of the talazoparib plus temozolomide combination was envisioned as talazoparib acting through PARP trapping. The temozolomide was envisioned as contributing by producing N7 and N3 methyl adducts of guanine and adenine, respectively, leading to DNA single-strand breaks through base excision repair (BER) that trap the PARP1-talazoparib complex tightly to DNA. In evaluating this strategy, in vitro testing of talazoparib plus temozolomide was performed to determine if the combination produced preferential sensitivity against Ewing cell lines. The in vivo testing approach of the talazoparib plus temozolomide deviated sharply from the paradigm conventionally applied to combinations of standard agents with potentiating agents. Rather than maintaining the dose of temozolomide at its standard in vivo doses (60-66 mg/kg/dose) in the combination, a high dose of talazoparib was utilized that required use of a very low dose of temozolomide (12 mg/kg/ dose). As described below, the combination of talazoparib plus low-dose temozolomide is remarkably effective for a subset of Ewing xenografts and for selected non-Ewing xenografts.
Materials and Methods

In vitro testing
In vitro testing was performed using DIMSCAN, a semiautomatic fluorescence-based digital image microscopy system that quantifies viable cell numbers [using fluorescein diacetate (FDA)] in tissue culture multiwell plates (26) . Cells were incubated in the presence of drugs for 96 hours. Temozolomide was used over a concentration range of 0.3 mmol/L to 1,000 mmol/L, and topotecan at 0.03 nmol/L to 100 nmol/L in the absence or presence of
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10 nmol/L talazoparib with analysis as previously described (27) .
rIC 50 values represent the tested agent concentration that reduces cell survival by 50% of the maximum agent effect (28) . Y min (observed) is the lowest value for the treated to control ratio (T/C) across all concentrations tested. Relative in/out (I/O)% values represent the percentage difference between the Y min value and the estimated starting cell number and either the control cell number (for agents with Y min > starting cell number) or 0 (for agents with Y min < estimated starting cell number). Relative I/O% values range between 100% (no treatment effect) and -100% (complete cytotoxic effect), with a relative I/O% value of 0 being observed for a completely effective cytostatic agent. The 10 nmol/L talazoparib concentration selected for combination testing is a biologically active concentration based on its effects against the most sensitive cell lines in the PPTP in vitro cell line panel, but it is below the rIC 50 for most of the PPTP cell lines facilitating analysis of the combination testing results (25) .
In vivo tumor growth inhibition studies C.B-17 scid À/À female mice (Taconic Farms) were used to propagate subcutaneously implanted kidney/rhabdoid tumors, sarcomas (Ewing, osteosarcoma, rhabdomyosarcoma), neuroblastoma, and nonglioblastoma brain tumors, whereas BALB/c nu/nu mice (bred and maintained at Duke University) were used for glioma models, as previously described (29) . Human leukemia cells were propagated by intravenous inoculation into female NOD.CB17-Prkdc scid /J mice that were purchased from Australian BioResources (30) . Female mice were used irrespective of the patient gender from which the original tumor was derived. All mice were maintained under barrier conditions, and experiments were conducted using protocols and conditions approved by the institutional animal care and use committee of the appropriate consortium member. Eight to 10 mice were used in each control or treatment group. Tumor volumes (cm 3 ; solid tumor xenografts) or percentages of human CD45-positive (%hCD45 þ ) cells [acute lymphoblastic leukemia (ALL) xenografts] were determined, and responses were determined using three activity measures as previously described (29) . The primary activity measures were the event-free survival (EFS) T/C measure and the objective response measure. An event in the solid tumor xenograft models was defined as a quadrupling of tumor volume from the initial tumor volume, and an event for the ALL panel was defined as hCD45 cells above 25% in peripheral blood. An EFS T/C value was defined by the ratio of the median time to event of the treatment group and the median time to event of the respective control group. For the EFS T/C measure, agents were considered highly active if they met three criteria: (i) an EFS T/C > 2; (ii) a significant difference in EFS distributions (P 0.05); and (iii) a net reduction in median tumor volume for animals in the treated group at the end of treatment as compared with at treatment initiation. Agents meeting the first two criteria, but not having a net reduction in median tumor volume for treated animals at the end of the study, were considered to have intermediate activity. Agents with an EFS T/C < 2 were considered to have low levels of activity. The objective response measure was modeled after clinical criteria for response, with the exception of progressive disease being divided into two categories based on "tumor growth delay" (TGD) values that were calculated using the numbers of days to event. For each individual mouse that had progressive disease and had an event in the treatment groups, a TGD value was calculated by dividing the time to event for that mouse by the median time to event in the respective control group. Median times to event were estimated based on the Kaplan-Meier event-free survival distribution. Response categories for individual treated mice were defined as follows: PD1 (progressive disease 1): >25% increase in tumor volume, TGD value <1.5; PD2 (progressive disease 2): >25% increase in tumor volume, TGD value >1.5; SD (stable disease): <25% increase in tumor volume, <50% regression; PR (partial response): a tumor volume regression !50% for at least one time point but with measurable tumor (!0.10 cm 3 ); CR (complete response): disappearance of measurable tumor mass (<0.10 cm 3 ); and MCR: tumor volume < 0.10 cm 3 at the end of the study period. The overall objective response measure for each treatment group was based on the median objective response score for the animals in that treatment group. An in-depth description of the analysis methods is included in Supplementary Data.
Statistical methods
The exact log-rank test, as implemented using Proc StatXact for SAS, was used to compare EFS distributions between treatment and control groups. P values were two-sided and were not adjusted for multiple comparisons given the exploratory nature of the studies.
Drugs and formulation
Talazoparib was provided to the PPTP by BioMarin Pharmaceutical Inc., through the Cancer Therapy Evaluation Program (NCI). Temozolomide was obtained through the NCI Drug Repository. Talazoparib was formulated in 10% dimethylacetamide/5% Solutol HS 15/85% PBS and stored up to 7 days at 4 C. The solution was brought to ambient temperature and vortexed before oral dosing. Talazoparib was administered twice daily for 5 days alone or in combination with daily temozolomide. Temozolomide was formulated in 1% carboxymethylcellulose in water and stored for up to 7 days at 4 C. Based upon single-agent talazoparib toxicity testing, the MTD (nontumored SCID mice) was 0.25 mg/kg twice daily. At 0.4 MTD of talazoparib (0.1 mg/kg twice daily), temozolomide was tolerated at 30 mg/kg daily for 5 days (combination A). Talazoparib administered at its MTD could be combined with temozolomide at 12 mg/kg daily for 5 days (combination B). Talazoparib and temozolomide were provided to each consortium investigator in coded vials for blinded testing.
Development of resistance to combination therapy B
Mice bearing na€ ve TC-71 Ewing sarcoma xenografts were treated with combination B as described above. The first tumor to regrow was transplanted into 10 mice. Five mice received combination B (designated passage 1R). The procedure was repeated until tumors were relatively resistant to treatment with the combination.
Pharmacodyamic studies Sample preparation. Tumors were rapidly excised and flash frozen in liquid nitrogen following euthanization (cervical dislocation under anesthesia). Tumor samples were ground at -80 C using a pestle and a mortar. A quantity (40-50 mg) of resulting tumor powder was placed in a prechilled Eppendorf tube and kept on dry ice. Samples were resuspended by vortexing in 400 mL of Lysis buffer (1Â Cell Signaling Lysis Buffer, 1Â HALT Protease/Phosphatase inhibitor mix, 2 mmol/L PMSF) and incubated for approximately 30 minutes at 4 C. After incubation, lysates were loaded into QiaShredder columns and centrifuged at 14,000 Â g for 15 minutes in a precooled centrifuge. The supernatant was filtered through a nonprotein-binding 0.8-mm syringe filter and was transferred to a fresh 1.5-mL Eppendorf tube; protein concentration of each sample was measured and adjusted to the final concentration of 2 mg/mL. A sample buffer [4Â lithium dodecyl sulfate (LDS) buffer, containing 5% BME] was added to the samples; the resulting mix was incubated for 10 minutes at 70 C.
Heat reversal. Tumor powder (20-50 mg) was placed into a 2-mL Eppendorf tube (on dry ice) and resuspended by vortexing in 300 mL of Lysis buffer (1Â Cell Signaling Lysis Buffer, 1Â HALT Protease/Phosphatase inhibitor mix, 2 mmol/L PMSF). After 30-minute incubation, samples were sonicated for 1 minute (50% cycle) and centrifuged at 14 Â 1,000 g for 15 minutes. After the supernatant was collected and protein concentration adjusted, samples were divided into 2 parts: (i) sample was mixed with a sample buffer (4Â LDS buffer þ 10% BME) and boiled for 5 minutes at 100 C; (ii) sample was preheated for 5 minutes at 60 C before adding a sample buffer (4Â LDS buffer þ 10% BME) and boiling for 5 minutes at 100 C.
Nuclease digestion. Tumor powder (20-50 mg) was placed into a 2-mL Eppendorf tube (on dry ice) and resuspended by vortexing in 300 mL of Lysis buffer [containing HALT Protease/Phosphatase inhibitor mix (EDTA free), 2 mmol/L PMSF]. After 30-minute incubation, samples were sonicated for 1 minute (50% cycle). Nuclease enzyme (25 units per tube) was added and incubated for 20 minutes at 25 C. After incubation, samples were loaded onto QiaShredder columns and centrifuged at 14,000 Â g for 15 minutes. Supernatant was collected, protein concentration measured, and adjusted to 2 mg/mL. A sample buffer (4 Â LDS buffer, containing 5% BME) was added to the samples; the mix was incubated for 10 minutes at 70 C.
Immunoblotting. Protein samples were loaded onto Invitrogen precast gels (4%-12%), and gels were run at 150V for approximately 1.5 hours, or until the control ladder had reached the bottom of the gel. Proteins were transferred to a nitrocellulose membrane using an iBlot transferring device. Membranes were blocked in 3% BSA [in TBST (Tris-buffered saline with Tween 20 [0.1%])] for 1 hour at room temperature and incubated with primary anti-PARP antibody (Cell Signaling; rabbit, 1:1,000) overnight at 4 C. Following an overnight incubation, membranes were washed with TBST (4 Â 15 minutes) and incubated with secondary horseradish peroxidase-conjugated antibody (Pierce; Goat Anti-Rabbit IgG, 1:6,000) for 1 hour at room temperature. Following this incubation, the membranes were washed with TBST again (4 Â 15 minutes). The ECL system (PerkinElmer; Western Lighting) was used for signal detection.
RNA isolation. The isolation of RNA from xenografts (about 20-35 mg of tumor powder per sample) was performed using the Qiagen RNeasy Kit (catalog #74104). Total RNA was measured on a NanoDrop spectrophotometer and approximately 2 mg of total RNA in 20 mL volume was used for reverse transcriptase reaction using an Omniscript kit (Qiagen; catalog #205111).
RT-PCR reaction. To set up RT-PCR, reaction volume from the reverse transcriptase step was diluted 10 times (200 mL), and 5 mL per reaction was taken for amplification. Samples were run in triplicate for each time point. A TaqMan Master Mix buffer (Life Technologies; catalog number#4304437) and humanspecific assay primers (Applied Biosystems; GAPDH-Assay ID Hs02758991_g1; PARP1-Assay ID Hs00242302_m1) were used. Real-time reactions (20 mL) were set up in triplicates. The assay was performed using 7900HT Fast Real-Time PCR System from Applied Biosystems. The results were analyzed using Microsoft Excel and Prism 6 software (GraphPad Software).
Results
In vitro testing
The ability of talazoparib to potentiate the in vitro activity of temozolomide was evaluated by testing temozolomide from 0.3 mmol/L to 1,000 mmol/L in the presence or absence of 10 nmol/L talazoparib. The median rIC 50 value for temozolomide plus 10 nmol/L talazoparib for the PPTP cell lines was 19.8 mmol/L, with a range from 2.4 mmol/L (NB-1643) to > 1,000 mmol/L (Rh18; Table 1 ). By contrast, the median rIC 50 value for singleagent temozolomide was 374 mmol/L. Three of four Ewing sarcoma cell lines had temozolomide rIC 50 values <10 mmol/L in the present of talazoparib, as did 3 cell lines with low O-6-methylguanine-DNA methyltransferase (MGMT) expression (Rh30, GBM2, and NB-1643). For the combination, the temozolomide median rIC 50 for the Ewing sarcoma cell lines (7.5 mmol/L) was lower than that for the remaining PPTP cell lines with MGMT expression (50.4 mmol/L, P ¼ 0.02). The degree of potentiation of temozolomide toxicity by talazoparib varied by histotype, with talazoparib showing its greatest extent of potentiation for the Ewing sarcoma cell lines, with a median potentiation factor of 50-fold for the Ewing cell lines compared with 30-fold for the ALL cell lines and 8.9 for the non-Ewing, non-ALL cell lines. The relative I/O% (observed) values for temozolomide in the presence of 10 nmol/L talazoparib approached -100% for most cell lines. Each of the Ewing sarcoma and ALL cell lines showed relative I/O% values between -90% and -100%.
The ability of talazoparib to potentiate the in vitro activity of topotecan was evaluated by testing topotecan from 0.03 nmol/L to 100 nmol/L in the presence or absence of 10 nmol/L talazoparib. The median rIC 50 value for topotecan with 10 nmol/L talazoparib for the PPTP cell lines was 4.1 nmol/L, with a range from 0.8 nmol/L (CCG-LL-317) to 20.4 nmol/L (Rh41; Supplementary Table S1 ), whereas the median rIC 50 value for singleagent topotecan was 10.8 nmol/L. The median potentiation factor for talazoparib for topotecan was 2.8-fold, with a range from 0.6-fold to 4.3-fold and with no differences between histotypes (e.g., 2.2-fold potentiation for the Ewing cell lines). The relative I/O% (observed) values for topotecan in the presence of 10 nmol/L talazoparib were similar to those for single-agent topotecan (R 2 ¼ 0.93), which indicates that although talazoparib shifted the concentration response curve for topotecan to somewhat lower concentrations, it did not affect its ultimate extent of activity at higher concentrations.
In vivo testing
As the in vitro studies demonstrated significant potentiation for temozolomide, the in vivo studies focused only on this agent. Extensive toxicity testing in nontumored SCID mice varying the dose of temozolomide (100 to 12 mg/kg) and talazoparib (0.25 to 0.05) showed that 30 mg/kg temozolomide (daily x 5) could be combined with talazoparib (0.1 mg/kg twice daily, designated combination A) or temozolomide 12 mg/kg daily x 5 could be combined with 0.25 mg/kg (twice daily) talazoparib (combination B). Both combinations exhibited similar toxicity (nadir of body weight loss was 12% for both combinations). Single-agent talazoparib (0.25 mg/kg twice daily for 5 days) and temozolomide (30 mg/kg for 5 days) as well as both combinations were evaluated in sarcoma models (Supplementary  Table S2 ), whereas combination B was also evaluated in other xenograft models (Supplementary Table S3 ). Based on the hypothesis that talazoparib would be effective against Ewing xenografts by PARP trapping and that the role of temozolomide was to create single-strand breaks to serve as substrates for PARP trapping, the predicted outcome was that the low-dose temozolomide regimen (combination B) would be as effective as the higher-dose temozolomide regimen (combination A) that utilized temozolomide at a 2.5-fold higher dose.
In vitro results indicated that PARP inhibition potentiated temozolomide particularly in the Ewing sarcoma cell lines, in agreement with other studies (17, 18) . To extend these data, we evaluated both combinations against 10 Ewing sarcoma xenograft models. Neither temozolomide (30 mg/kg for 5 days) nor talazoparib (0.25 mg/kg twice daily for 5 days) had biologically significant activity administered as single agents. In contrast, both combinations demonstrated striking antitumor activity inducing complete tumor regression in 5 Ewing sarcoma lines (Fig. 1A) . We derived criteria for "highly sensitive" as a median tumor response of MCR at 6 weeks. Thus, TC-71, CHLA-258, SKNEP-1, ES-4, and ES-7 xenograft models are included in this classification. ES-3 would be designated intermediate sensitivity. In contrast, neither combination was particularly active against an additional four Ewing sarcoma xenograft models (Fig. 1B) . A summary of activity for both combinations and single agents is presented in Table 2 , and Kaplan-Meier plots are presented as Supplementary Fig. S1 .
Among the five highly sensitive models, activity for the two combination regimens was comparable for three models, while combination A was superior against CHLA-258 (P ¼ 0.033), whereas combination B was superior against SK-NEP-1 (P < 0.001). Among the five remaining Ewing xenografts, combination A was statistically superior to combination B (P < 0.001) against ES-3 and combination B was superior to combination A (P ¼ 0.019) against ES-2, although in each case, both combinations produced transient regressions with regrowth within 6 weeks of treatment. Hence, combination B using a low dose of temozolomide showed comparable activity to combination A against Ewing xenografts.
Both combinations and single agents were evaluated against a select group of non-Ewing xenografts, including: models deficient in MGMT (GBM2 glioblastoma, Rh28 rhabdomyosarcoma) and hence known to be sensitive to single-agent temozolomide (31); a Wilms tumor xenograft (KT-10) shown previously to respond to single-agent talazoparib (25) ; and two additional alveolar rhabdomyosarcoma models (Rh30 and Rh41; Fig. 2 ). As anticipated, both GBM2 and Rh28 xenografts regressed completely following temozolomide treatment. For GBM2, all tumors had recurred at 7 weeks after temozolomide treatment, whereas only 4 of 10 Rh28 xenografts recurred during the 12-week period for observation. Both combinations delayed recurrence of GBM2 tumors through Therapeutic enhancement was considered present when the TGD for a combination was greater than the TGD for both of the single agents and when the EFS distribution for the combination treatment was significantly better (P < 0.01) than the EFS distributions for both of the single agents (32) . Both combinations demonstrated therapeutic enhancement over the predicted additive effect based upon the single-agent activity in 12 of 16 models for which single-agent and combination activity was determined (Supplementary Table S4 ). The models not showing therapeutic enhancement were KT-10 (in which talazoparib is highly effective as a single agent), Rh28 (in which temozolomide is highly effective as a single agent), and EW8 and ES6 (in which both the single agents and the combinations show minimal activity).
As combination B showed activity that was comparable with combination A and as it reflects the preferred treatment strategy for clinical evaluation because of its low alkylating agent dose, it was further evaluated against 19 additional models including glioblastoma, neuroblastoma, osteosarcoma, and ALL xenografts that have been characterized for sensitivity to temozolomide (31) and talazoparib (25) . Results are summarized in Supplementary Table S5 (and Supplementary Table S2 ). Excessive toxicity was observed for 7 of 8 ALL xenografts that were evaluated using NOD-SCID mice as hosts. The only evaluable ALL xenograft did not show an objective response, and the inevaluable ALL xenografts showed little evidence of response to the combination, although conclusions are limited due to the excessive toxicity. Similarly, 2 of 3 glioblastoma xenografts showed excessive toxicity using BALB/c nu/nu mice as hosts. Among the remaining 10 evaluable solid tumor xenografts (1 glioblastoma, 5 neuroblastoma, and 4 osteosarcoma), all showed significant differences in EFS distribution for treated versus control groups. However, only two models showed objective responses, each of which has low MGMT expression (CHLA-79 and D645).
Pharmacodynamic studies
Previously, we reported the sensitivity of two xenografts to talazoparib administered as a single agent (KT-10, Wilms tumor, and BT-45 medulloblastoma; ref. 25) . We therefore first examined PARP levels in these tumors with or without talazoparib treatment. Tumor-bearing mice received talazoparib (0.25 mg/kg twice daily) for nine doses, and tumors were harvested 4 and 24 hours after the last dose. PARP and gH2AX were examined in control (untreated) and treated tumors. As shown in Fig. 3A , treatment with talazoparib caused a marked loss of detectable PARP in both tumor models. To determine whether treatment-induced loss of PARP was associated with decreased PARP, we examined tumors that were highly sensitive to combination treatment (TC-71, CHLA258) and tumors intrinsically resistant to the combination (EW5, EW-8). Neither talazoparib nor temozolomide as single agents induced decreases in PARP in TC-71 tumors after 5 days of treatment (Fig. 3B) . In contrast, combination of talazoparib with temozolomide at either 12 or 6 mg/kg caused an almost complete loss of detectable PARP at 4 and 24 hours after day 5 dosing. As PARP trapping onto DNA has been proposed as a mechanism of action, it was possible that the PARP-DNA complex may not have entered into the gel. We therefore attempted to recover PARP by DNase treatment or heat treatment of tumor samples before electrophoresis. However, neither process resulted in detectable PARP in drug-treated tumor samples (Fig. 3C) . Results for CHLA-258 xenografts showed increased levels of gH2AX were detected within 6 hours of a single dose of temozolomide combined with talazoparib, although cleaved PARP was not detected (Fig. 3D) . Six hours after day 3 treatment, gH2AX and cleaved PARP were markedly increased compared with tumors from mice treated with temozolomide or talazoparib as single agents (Fig. 3E) . As with TC-71 samples, there was no detectable PARP in CHLA-258 xenografts either 4 or 24 hours after day 5 dosing with the combination, whereas it was readily detected in control, or tumors treated with single agents (Fig. 3F) .
In contrast with the loss of PARP in tumors responsive to talazoparib or to the temozolomide-talazoparib combination, there was no consistent decrease in PARP following single-agent or combination treatment in EW-8 or EW-5 xenografts that are intrinsically resistant to each treatment ( Fig. 4A and B, respectively). The basal levels of PARP are shown for all xenografts. Although these varied among the tumor models, there was no obvious relationship between levels of PARP and responsiveness to combination therapy (Fig. 4C) .
Analysis of mRNA levels using human-specific primers for PARP also demonstrated a significant decrease in transcripts in tumors sensitive to either talazoparib alone or the temozolomide-talazoparib combination, whereas no decrease was detected in tumors that were nonresponsive (Fig. 4D) . Marked reductions in PARP transcripts were observed for each of the 3 Ewing sarcoma xenografts that are highly responsive to the temozolomide-talazoparib combination.
Development of TC-71 xenografts resistant to combination B
As shown in Fig. 4E , emergence of resistance to the combination of talazoparib and temozolomide was relatively rapid. The first tumor to recur following treatment of na€ ve TC-71 xenografts (designated Pass R0) was retransplanted and mice were challenged when tumors were 100 to 200 mm 3 (passage R1). Although all tumors regressed after treatment, the median time Research. Research.
on July 19, 2017. © 2014 American Association for Cancer clincancerres.aacrjournals.org Downloaded from to recur was 2.5 weeks. The process was repeated with the first tumor to regrow being further transplanted. By passage R3, there was only one CR, and by passage R5, all tumors progressed (PD2). Pharmacodynamic studies showed that treatment induced some cleavage of PARP, but no decrease in total PARP/cleaved PARP in TC-71R (Pass R7; Fig. 4F ) or PARP transcripts (Fig. 4D ) when compared with controls (quantified data presented in Supplementary Fig. S2 ). Further, there was no apparent increase in gH2AX signal above the control (untreated) TC-71R xenografts.
Discussion
Reports describing preferential sensitivity of Ewing sarcoma to PARP inhibition created hope that this class of agents would be effective against Ewing sarcoma. However, the initial attempt at clinical translation was unsuccessful, as objective responses were not observed for patients with Ewing sarcoma receiving olaparib (33) . In addition, our single-agent results with talazoparib showed no single-agent in vivo activity against Ewing sarcoma xenografts despite in vitro sensitivity of Ewing cell lines to talazoparib at low nanomolar concentrations (25) . Our results with the talazoparib plus temozolomide combination provide an alternative way forward for clinical success for PARP inhibition against Ewing sarcoma. The striking level of activity for the talazoparib plus temozolomide combination is a remarkable example of synergy, with neither agent used alone showing significant activity but with the combination using a low dose of temozolomide ( 20% of the standard in vivo dose) for 5 days showing CRs that were maintained for more than 6 weeks for 5 of 10 Ewing xenografts.
In interpreting our combination testing results, a key point is that the effects of the combination appear to be unrelated to the mechanism by which temozolomide is active as a single agent. Rather, the activity can be explained by an unmasking of temozolomide-induced lesions that are normally nontoxic. Temozolomide single-agent cytotoxicity results from futile cycles of mismatch repair with removal and reinsertion of thymine opposite O 6 -methyl guanine (O 6 -meG) eventually resulting in an apoptosis-inducing double-strand DNA break at the next cycle of DNA replication (34) (35) (36) . All of the Ewing cell lines and xenografts tested are known to be MGMT expressers and/or to show resistance to temozolomide at concentrations at which MGMT lowexpressing lines are responsive, ruling out O 6 -meG lesions as primary contributors to cytotoxicity. Ninety percent of temozolomide-induced methyl adducts are at N 7 -guanine or N 3 -adenine, and it is these lesions that appear to drive the cytotoxicity of the combination of PARP inhibitors with temozolomide (3, 20, 22) . These adducts are repaired by the BER pathway, creating the DNA single-strand breaks with 5 0 dRP ends to which PARP binds (2, 3) . In the presence of a potent PARP inhibitor Research.
on July 19, 2017. © 2014 American Association for Cancer clincancerres.aacrjournals.org Downloaded from with PARP trapping capacity like talazoparib, these single-strand breaks become cytotoxic lesions. Thus, the talazoparib plus temozolomide should not be considered as a combination in which the activity of temozolomide is being potentiated. Rather, it should be considered as a new treatment strategy, in which cytotoxicity can be initiated by non-O 6 -meG methyl adducts that promote PARP trapping.
We designed our in vivo testing to assess the relative importance of temozolomide and talazoparib in the combination. If temozolomide were acting by its traditional mechanism, then the combination regimen with the higher dose of temozolomide (30 mg/kg/day) should be much more effective than the regimen using a 2.5-fold lower dose (12 mg/kg/day). Our finding of comparable activity for the combination using a very low dose of temozolomide compared with the combination using the higher dose of temozolomide supports a secondary role for temozolomide, and it is consistent with the hypothesis that the PARP inhibitor is the cytotoxic component of the combination. The strategy of using a low dose of temozolomide is attractive for clinical translation, as the lower dose of temozolomide reduces the mutagenic burden associated with temozolomide treatment.
The finding of remarkable activity for the talazoparib plus temozolomide combination against Ewing sarcoma has potential clinical implications, whereas the additional finding that approximately one half of Ewing xenografts show limited responses to the combination provides the important caveat that resistance mechanisms will exist de novo or develop during treatment. An important line of future research will be to identify factors that relate to sensitivity versus resistance to the combination. Although we cannot identify factors that predict response, we can identify several factors that do not appear to be related to sensitivity, including TP53 mutations (present in some sensitive and some A, KT-10 and BT-45 xenograft tissues were harvested 4 and 24 hours after the ninth dose of talazoparib (0.25 mg/kg administered twice daily) and processed as described in Materials and Methods. B, TC-71 xenografts were harvested 6 hours after day 5 dosing with temozolomide (12 mg/kg/d), talazoparib (0.25 mg/kg twice daily, 9 doses), or the combination. Immunoblots were probed for PARP, cleaved PARP, gH2AX, and GAPDH (loading control). C, tumor lysates from B (talazoparib 0.25 mg/kg þ temozolomide 12 mg/kg) were treated with DNase or heat to recover any PARP bound to DNA. D, pharmacodynamic changes in CHLA-258 xenografts. Levels of PARP and gH2AX 6 hours after dose 1 for temozolomide (12 mg/kg) and talazoparib (0.25 mg/kg). E, levels of PARP and gH2AX 6 hours after dose 3 for temozolomide (12 mg/kg) and dose 7 for talazoparib (0.25 mg/kg). F, levels of PARP and gH2AX 4 and 24 hours after dose 5 for temozolomide (12 mg/kg) and dose 11 for talazoparib (0.25 mg/kg). GAPDH was used as a loading control (n ¼ 3).
resistant tumors) and MGMT expression (present in both sensitive and resistant tumors).
Among non-Ewing cell lines and xenografts, those with low MGMT expression appear to be responsive to the talazoparib plus temozolomide combination, both in vitro and in vivo. In vitro, temozolomide as a single agent requires multiple cell divisions in order for cytotoxicity to occur, and hence the effect observed at 96 hours is only a partial effect (as evidenced by relative I/O% values > 0%) when concentrations below 300 mmol/L are considered (31) . GBM2, for example, shows limited response to single-agent temozolomide at concentrations below 300 mmol/L, whereas the presence of talazoparib shifts the rIC 50 by 85-fold Pharmacodynamic changes induced by talazoparib and temozolomide in nonresponsive xenograft lines EW8 and ES-6. Maintenance of PARP is associated with intrinsic resistance to temozolomide/talazoparib combinations in vivo. EW-8 (A) and EW-5 (B) xenograft tissues (n ¼ 3) were harvested after 5 days temozolomide (12 mg/kg/d), talazoparib (0.25 mg/kg twice daily, 9 doses), or the combination and processed as described in Materials and Methods. Immunoblots were probed for PARP, cleaved PARP, gH2AX, and GAPDH (loading control). C, PARP levels in control tumors (n ¼ 3); D, talazoparib alone or the combination of temozolomide and talazoparib decreases PARP transcripts in sensitive xenograft models. PARP transcripts (normalized to GAPDH transcripts) were determined by qRT-PCR in control tumors, and tumors harvested 6 hours after dosing on day 5 treatment with temozolomide (12 mg/kg) and talazoparib (0.25 mg/kg). E, development of TC-71 xenografts resistant to combination B. Resistance was developed as described in Materials and Methods. The response of individual na€ ve parental TC-71 tumors (designated Pass R0), Pass R1 (the second drug treatment), pass R3, and pass R5 is shown. The relative tumor volume plots (right) show the growth of the median tumor for each group (gray, control; black, treated). Note that in Pass 0, 10 tumor-bearing mice were treated, and the median tumor volume at 6 weeks was < 0.1 cm 3 . For other groups, 5 tumor-bearing mice were in the treatment groups. F, Western blot for PARP, cleaved PARP, and gH2AX for TC-71 parental xenografts (untreated), control (untreated) TC-71R, and treated TC-71R xenografts. Among the non-Ewing xenografts, the other responder to low-dose temozolomide plus talazoparib was the Wilms tumor xenograft KT-10, which is also responsive to single-agent talazoparib. The initial single-agent testing of talazoparib used a daily x 28 schedule at 0.33 mg/kg/day (administered twice daily Monday to Friday and once daily Saturday to Sunday), and KT-10 showed an MCR at 6 weeks to talazoparib on this dose/schedule. KT-10 also showed a CR response at 6 weeks to 0.25 mg/kg administered twice daily for 5 days. The combination of low-dose temozolomide plus talazoparib was more effective than single-agent talazoparib, with most animals receiving the single agent showing regrowth by day 84 and none of those receiving the combination showing regrowth. KT-10 has defective homologous recombination as a result of biallelic inactivation of PALB2 (25) , suggesting that the therapeutic strategy of low-dose temozolomide plus talazoparib may warrant evaluation in patient populations with defects in homologous recombination repair.
Pharmacodynamic studies were undertaken following dosing with single agents or the combination. Both KT-10 and BT-45 xenografts were sensitive to single-agent PARP inhibitor. After 5 days of treatment with talazoparib, PARP levels were not detected at 4 hours (KT-10) or 24 hours (both tumor lines) after day 5 dosing. There was a robust increase in gH2AX 4 hours after dosing in KT-10 tumors, but was not detected at 24 hours, whereas gH2AX was detected at both time points in BT-45 xenografts. For Ewing sarcoma xenografts, PARP was detected at all time points for tumors treated with temozolomide or talazoparib as single agents, but it was decreased markedly only in responsive xenografts treated with the drug combination and not in combinationresistant xenografts. Attempts to recover PARP that was potentially bound to DNA and hence not able to enter into the SDS-PAGE gel during electrophoresis, by heat denaturation or DNase treatment of tumor lysates, failed to recover the enzyme. Hence, the decreased detection was probably not a consequence of PARP-DNA binding. Consistent with the loss of PARP by day 5 of dosing with the drug combination, there was a decrease in PARP transcripts determined using human-specific PCR in tumors sensitive to talazoparib alone or the drug combination, but not in tumors resistant to combination therapy. Whether the loss of PARP transcripts and protein merely reflects loss of tumor cells through apoptosis is unclear, as GAPDH and gH2AX were detected. The loss of PARP transcripts is consistent with a model in which EWS-FLI1 regulation of PARP transcription is dependent upon the interaction with PARP binding at the PARP promoter (18) , and that EWS-FLI1 gene fusions in ESFTs depend on the activity of PARP1, and is also consistent with reports that ETS transcription factors drive PARP1 expression in ESFTs (37, 38) . However, in our study, PARP loss was only seen in the context of temozolomide treatment in Ewing sarcoma models, or in tumor models responsive to talazoparib as a single agent.
In vivo, we developed a line of the TC-71 xenograft resistant to combination B by transplanting the first tumor to regrow after therapy. In the second passage, tumors completely regressed, but started to regrow with 2 to 4 weeks. Subsequent transplants showed progressively less response to therapy. Evaluation of PARP and gH2AX for transplant 7R showed that there was little increase in therapy-induced gH2AX, and although treatment induced some PARP cleavage, there was no loss of PARP, as occurred in parental TC-71 xenografts and other xenografts sensitive to either the combination treatment or talazoparib as a single agent.
A concern with agents that potentiate the toxicity of DNA damaging/interactive agents is that the potentiation will be equally observed for cancer cells and for normal tissues. Experience to date with potentiating agents has highlighted this risk, as exemplified by experience with MGMT inhibitors (e.g., O
6 -benzylguanine and lomeguatrib; refs. [39] [40] [41] . For both O 6 -benzylguanine and lomeguatrib, their addition to alkylating agents (e.g., nitrosoureas and temozolomide) leads to increased toxicity requiring dose reductions, such that the combination is no more effective than the chemotherapy agent given alone at its single-agent dose. As discussed above, this concern is not applicable to the combination of talazoparib with low-dose temozolomide, because the combination is acting by a different mechanism than single-agent temozolomide. However, the concern does apply to the combination of talazoparib with topoisomerase I poisons. The 2-to 3-fold level of potentiation of topotecan activity by talazoparib that we observed is similar to that reported for other topoisomerase I poisons and PARP inhibitors (3, 5) . To the extent that the best predictor of a therapeutic window resulting from in vitro testing is profound sensitivity for a subset of cell lines in the setting of relative resistance for most cell lines (e.g., as illustrated by the highly selective and genomically related activity of BRAF, ALK, and EGFR inhibitors when tested against large cell line panels; ref. 42) , the lack of differential sensitivity shown by topotecan against the PPTP cell lines is concerning. The lack of PARP trapping ability for topoisomerase I poisons may explain the absence of differential activity for talazoparib plus topotecan when such marked variability is observed for the talazoparib plus temozolomide combination (5).
In conclusion, the combination of talazoparib plus temozolomide is remarkably effective against several subsets of pediatric preclinical models, including those for Ewing sarcoma, those with low MGMT expression, and those with single-agent responsiveness to talazoparib resulting from defective homologous recombination. The observation that talazoparib is equally effective when used in a low-dose temozolomide compared with a high-dose temozolomide regimen is consistent with the emerging understanding of the role of PARP trapping for selected PARP inhibitors such as talazoparib. Translation of the PPTP findings to the clinic requires breaking from the traditional paradigm for combining potentiating agents with standard chemotherapy agents in which priority is given to maintaining the standard agents at or near their conventional doses. For the talazoparib combination, clinical translation requires administering an effective PARP trapping dose of talazoparib and then titrating in temozolomide to the extent tolerated without dose-limiting toxicities. A phase I trial of talazoparib plus temozolomide for children and adolescents with refractory solid tumors building upon this strategy has been initiated (NCT02116777). 
